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III-V semiconductors
solve mechanical riddle
Strained-layer superlattice structures grown
in the InGaAs/InP system have turned out to 
be ideal model systems to study fundamental
problems in materials science and metallurgy.
We have used them to investigate how metals
can be made stronger at high temperature yet
retain ductility at low temperature, how a
desirable microstructure may be made stable
at high temperature, and why materials are
stronger under very high strain gradients. 
Our interest in semiconductor strained
layers began in the late 1980s when it
began to be appreciated that quantum-
well heterostructure devices such as
lasers and high electron mobility tran-
sistors could be improved by engineer-
ing the band-structure by the incorpora-
tion of strain.This was done by alloy-
ing, for example adding indium to GaAs
quantum wells to increase the lattice
constant. The epitaxial nature of the
growth forces this increase to appear as
coherency strain, compressive in this
case.This breaks the cubic symmetry of
the crystal and lifts the heavy-hole -
light-hole degeneracy at the top of the
valence band.
Demonstrating 
mechanical stability
Device manufacturers were very wary of
strain. For decades, they had done every-
thing possible to reduce strain in devices
and their packaging, as strain usually
drove a variety of failure mechanisms. It
was important to demonstrate the
mechanical stability of the strained lay-
ers, and we did this by annealing at high
temperature (up to 1000°C). We also
investigated the theoretical reason why
the layers should be stable. This is the
critical thickness theory due to
Matthews, which shows on thermody-
namical grounds that the layers are stable
if the product of the strain and the thick-
ness is small enough (numbers such as
1% strain and 10nm thickness come out
of the theory).
We found also that strained layers 
are metastable up to about five 
times Matthews’ critical thickness,
because of the high perfection of the
GaAs-based crystals and the need for
dislocations to multiply if significant
plastic deformation is to relax the
strain. Now, of course, strained layers are
routinely incorporated in almost all
semiconductor lasers and other
advanced III-V devices.
In all this work, we had not considered
how remarkable it is to have a material
that can support percent elastic strains at
1000°C. Imagine stretching a steel metre-
rule a full centimeter.The stress would
be enormous. And if you did this at
white-heat, the rule would certainly not
spring back. Our perspective changed
completely when Tony Kelly, the author
of the classic book Strong Solids, asked if
we could achieve such strength in a
macroscopic structure rather than just
10nm quantum wells.We did do this, by
moving to the InGaAs/InP system.
Here, InGaAs layers can be grown in both
tensile strain, by reducing the indium con-
tent below the lattice-match value of 53%,
as well as compressive. We could grow a
compressive layer and then balance it
with a tensile layer. This could be repeat-
ed as long as the grower had the patience,
and his patience did extend to superlat-
tices 2½ microns thick. In the semicon-
ductor world, that is macroscopic. These
superlattices did indeed turn out to be
strong at high temperatures; indeed, in a
variety of experiments we have not yet
reached a yield point at high temperature.
Direct tensile testing is well-nigh impossi-
ble, as the semiconductors are brittle, after
all, and specimens 2½ microns thick are
not easy to handle. But we have data
from X-ray of super-lattices with built-in
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Fig.1: One of our superlattices imaged by cross-
sectional TEM by Dr Stephen Lloyd (Cambridge).
This specimen had alternating thin and thick 
layers. It was bent at high temperature, and the
jogs in the layers provide a record of the disloca-
tions that have passed through. Approximately
100 dislocations appear to have been emitted
from a source in the third thick layer down from
the free surface. They have travelled both
upwards and downwards along the inclined
(111) slip planes. 
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stress, and direct mechanical data from
beams cut from the wafer and bent so as
to stretch the superlattice.
Alternating 
coherency value
These results confirmed that alternating
coherency strains can strengthen a mate-
rial at high temperatures. The mecha-
nism is pretty clear - it is hard for disloca-
tions to move in response to an external
stress, as plastic deformation requires, if
they keep encountering regions of oppo-
site built-in stress. Coherency-strain
strengthening in this way has been pos-
tulated to explain the high-temperature
performance of precipitation-hardened
metals such as the Nimonics, in which
nanoscale precipitates induce coherency
strain in the matrix around them.
However, it is only in the InGaAs/InP sys-
tem that the effect of coherency strain
can be separated out, in a simple geome-
try, and studied alone in the absence of
confounding factors.
Although strained microstructures may
provide a route to a thermal strengthen-
ing, diffusion of the component materials
at high temperatures will act to destroy
the very microstructures that give us
these properties.We were therefore
interested in mechanisms that would
allow us to control the interdiffusion of
the layers and miscibility gaps may pro-
vide a solution. Using lattice matched
InGaAs/InP heterostructures, we investi-
gated the diffusion as a function of tem-
perature (Fig2). As the two components
are on either side of a low temperature
miscibility gap, we expected to see inter-
diffusion of the two layers at high tem-
peratures, where there was no miscibility
gap, but a retardation of the diffusion at
lower temperatures.What we actually
saw was much more exciting, at low tem-
peratures the miscibility gap caused the
diffusion on the two sublattices to differ
and resulted in the unstrained het-
erostructure becoming strain balanced.
Indeed by altering the anneal conditions
we could change the strain in the system
and make the well region to be either in
compressive or tensile strain.Thus using
systems with miscibility gaps not only
allows us to make microstructure which
is stable to diffusion, but it may also be
used to tune the structural properties.
X-ray studies after temperature excur-
sions to nearly 1000ºC, and beam-bend-
ing experiments at 500ºC, confirmed the
high-temperature strength given to the
superlattices by coherency strain. To
complete the picture, we also studied
the superlattices at room temperature.
Here, nanoindentation testing is the ideal
method (Figs 3 & 4), as dislocations are
not very mobile at room temperature
and so specimens tend to crack under
any other external loading. We found
that the superlattices have a lower yield
pressure, that is, the coherency strain
induces improved ductility in what is, at
room temperature, a very brittle material.
This is, perhaps, not entirely unexpected,
for the stress due to the indenter adds to
the stress in the tensile layers and so it is
reasonable that dislocations should move
at lower applied pressure. So coherency
strain in the superlattices improves the
mechanical properties over the entire
temperature range, strengthening at high
temperature where the material is soft,
and softening at low temperature where
the material is brittle.
Birth of a bizarre 
formula
The real surprise came when we looked
in detail at the reduction in yield pres-
sure with different superlattice designs
(different layer thickness and strain).
We expected a correlation with the
magnitude of the tensile strain. In fact
the data was very scattered. We
checked for correlations with the com-
pressive strain, and with the magnitude
of the strain modulation at the inter-
faces. Again, the data was scattered.
After a brain-storming session in a local
Fig.2: To follow the process of diffusion, the photoluminescence from quantum wells and superlattices
was measured at 4K after each anneal at high temperature. Photoluminescence is the fluorescence emit-
ted by the sample when excited by laser radiation.  We use the pulsed laser system shown in this picture.
Fig.3: In nanoindentation, a diamond with a
spherical tip radius in the range 2µm-30µm is
pressed into the sample while the force and the
penetration depth are recorded. 
iiivs1609pp39-41.qxd  01/12/2003  18:49  Page 40
In GaAs/InP lab rat material problems T E C H N I C A L F O C U S
www.three-fives.com 41
pub, Mark Frogley, a research student,
came up with a bizarre formula which,
when we checked next day, correlated
perfectly with the data.
What was bizarre was that his formula
included the parameters of both the
compressive and tensile layers. It took
a long time to find a theoretical deriva-
tion, but it was immediately clear that
this meant that plasticity starts
throughout a finite volume large
enough to include both compressive
and tensile layers. Under the indenter,
the stress peaks at the centre and dies
away all round, and it had always been
assumed that plasticity starts at the
point of maximum sheer stress and
spreads out from there as the indenter
advances. In fact, it is physically rea-
sonable that plasticity initiates through-
out a finite volume, as dislocations are
extended objects and must need some
space to move in. Our data showed
that this finite volume is something
like one micron across.
We turn now to the third main outcome
of this research, strengthening under a
high strain gradient.
Size effect matters
We used a variety of sizes of nanoinden-
ter tip, from 2µm to 30µm radius.The
high quality of the semiconductor crystal
let us see very clearly a somewhat con-
troversial effect, the ‘Size Effect’, in
which the yield pressure is higher for the
smaller indenters. The need for a finite
volume for the initial plasticity provides
at once a natural explanation for this
effect. The smaller the indenter, the
smaller and more sharply peaked is the
stress field under it. If a yield criterion is
to be met, on average, throughout a 
volume a micron across, then the more
sharply peaked the stress field is, the
higher it must go at the peak to get the
same average across the volume. So it is
quite natural that the size effect should
be observed.
A size effect is also observed at much
larger sizes in soft metals such as nickel
and copper. Thin foils in bending, and
thin wires in torsion, have a high stress
gradient from zero at the centre to a
maximum on the surface. At thicknesses
of 50µm and below, they becomes signifi-
cantly stronger. The yield stress is 
doubled at thicknesses of the order of 20
µm. This effect has been explained by
‘strain-gradient plasticity,’ in which a term
in the plastic strain gradient is added to
the normal work-hardening of the metal.
However, the requirement that a yield
criterion must be met over a finite thick-
ness automatically implies a higher peak
value when the strain gradient is high.
We have adapted Matthews’ critical thick-
ness theory to this situation to predict
the strength due to the geometry, the
small dimensions, and we find excellent
agreement with the data. The yield strain
is significantly enhanced in just the right
scale of thickness.
Matthews and earlier workers first devel-
oped critical thickness theory in the con-
text of epitaxial layers of metals such as
copper grown on nickel.The lattice mis-
match in such systems is high so that
critical thicknesses are a few atomic
monolayers, and the crystal quality is low
so that many other factors may confound
the results. In the early 1970s, he shifted
to semiconductors because of the quality
and flexibility of the crystal growth, and
since then critical thickness in semicon-
ductors has spawned an enormous litera-
ture. The wheel has turned full circle,
and we are now applying the insights
and theory developed through experi-
mental work on semiconductors, to
explain the mechanical properties of
metals, both when they are strengthened
by coherency strain and when they are
strengthened by small dimensions. The
latter situation should become increas-
ingly important in nanotechnology and
micromechanical devices. Coherency
strain and small dimensions both give
control of the mechanical properties of a
material in a way which may make the
design of a material less dependent on its
chemical constitution.
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Fig.4: After nanoindentation, plastic deformation under a diamond tip leaves a surface depression,
seen here in an image made using AFM. Hardness used to be defined as ‘force used, divided by the
area of the depression’. New generation machines record force & penetration during about 100 cycles
of increased loading & partial unloading, to obtain a complete single indentation stress-strain curve.
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